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KLUTH, P_A_ forming using rate-dependent feedback in a Wireless net 
P_0_ BOX 2938 Work are generally described herein. Other embodiments 
MINNEAPOLIS, MN 55402 (Us) may be described and claimed. In some embodiments, 

decimated beamforming matrices are generated for groups 
of tWo or more subcarriers and provided to a multicarrier 

(21) App1_ NO; 11/396,387 transmitter. The number of subcarriers in a group may be 
based on a receive data rate. The multicarrier transmitter 
uses the decimated beamforming matrices to beamform 

(22) F?ed; Mar, 31, 2006 signals for transmission to the multicarrier receiver. 
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SYSTEM AND METHOD FOR BEAMFORMING 
USING RATE-DEPENDENT FEEDBACK IN A 

WIRELESS NETWORK 

TECHNICAL FIELD 

[0001] Some embodiments of the present invention per 
tain to Wireless communication systems. Some embodi 
ments of the present invention pertain to Wireless commu 
nication systems that communicate beamformed signals 
using multiple antennas. 

BACKGROUND 

[0002] Beamforrning is used in many conventional Wire 
less communication systems to help improve the signal-to 
noise ratio of received signals and increase system through 
put. Some types of beamforming use feedback from a 
receiver to compensate for the effects of the channel. The 
feedback required for these beamforming techniques may 
consume channel bandWidth Which in turn, may reduce 
system throughput. This feedback also consumes energy. 

[0003] Thus, there are general needs for systems and 
methods for beamforming that consume less channel band 
Width and reduce energy consumption. There are also gen 
eral needs for systems and methods for beamforming that 
consume less channel bandWidth and reduce energy con 
sumption While maintaining acceptable throughput levels. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0004] FIG. 1 is a block diagram of a multicarrier trans 
mitter in accordance With some embodiments of the present 
invention; 
[0005] FIG. 2 is a block diagram of a multicarrier receiver 
in accordance With some embodiments of the present inven 
tion; 
[0006] FIG. 3 is a functional diagram of a subcarrier 
beamformer in accordance With some embodiments of the 
present invention; 

[0007] FIG. 4 illustrates throughput performance curves 
for various decimation factors in accordance With some 
embodiments of the present invention; and 

[0008] FIG. 5 is a How chart of a procedure for receiving 
beamformed signals in accordance With some embodiments 
of the present invention. 

DETAILED DESCRIPTION 

[0009] The folloWing description and the draWings suffi 
ciently illustrate speci?c embodiments of the invention to 
enable those skilled in the art to practice them. Other 
embodiments may incorporate structural, logical, electrical, 
process, and other changes. Examples merely typify possible 
variations. Individual components and functions are optional 
unless explicitly required, and the sequence of operations 
may vary. Portions and features of some embodiments may 
be included in, or substituted for, those of other embodi 
ments. Embodiments of the invention set forth in the claims 
encompass all available equivalents of those claims. 
Embodiments of the invention may be referred to herein, 
individually or collectively, by the term “invention” merely 
for convenience and Without intending to limit the scope of 
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this application to any single invention or inventive concept 
if more than one is in fact disclosed. 

[0010] FIG. 1 is a block diagram of a multicarrier trans 
mitter in accordance With some embodiments of the present 
invention. Multicarrier transmitter 100 generates multicar 
rier communication signals 130 from input bit stream 101 
using tWo or more of transmit antennas 114. In some 
embodiments, multicarrier transmitter 100 may be part of a 
multiple-input multiple-output (MIMO) multicarrier com 
munication system in Which tWo or more of transmit anten 
nas 114 are used to convey data streams to a multicarrier 

receiving station having tWo or more receive antennas, 
although the scope of the invention is not limited in this 
respect. 

[0011] In accordance With some embodiments of the 
present invention, multicarrier communication signals 130 
are generated by applying decimated beamforming matrices 
(V) 121 to tWo or more subcarriers of symbol-modulated 
subcarriers 107. Each of decimated beamforming matrices 
(V) 121 may be generated from channel estimates that may 
be generated by a receiver (e. g., receiver 200 shoWn in FIG. 
2). The number of subcarriers that each decimated beam 
forming matrix 121 is applied to may depend on a receive 
data rate. These embodiments are described in more detail 
beloW. 

[0012] Multicarrier transmitter 100 may comprise channel 
encoder 102 to encode input bit stream 101 and spatial 
frequency interleaver 104 to generate one or more spatial 
streams 105 from encoded bit stream 103. In some embodi 
ments, channel encoder 102 may be a channel encoder 
Which may add error-checking to the bit stream. In some 
embodiments, spatial-frequency interleaver 104 may gener 
ate one or more spatial streams 105 Which may be trans 
mitted to a multicarrier receiving station With tWo or more 
receive antennas. In some embodiments, spatial-frequency 
interleaver 104 may generate one or more spatial streams 
105 by selecting bits of encoded bit stream 103 in some 
predetermined fashion. 

[0013] Multicarrier transmitter 100 may also comprise one 
or more symbol mappers 106 associated With each of spatial 
streams 105 to map bits of spatial streams 105 to symbols to 
generate symbol streams. In some embodiments, symbol 
mappers 106 may also map bits of spatial streams 105 to 
subcarriers associated With a multicarrier communication 
channel to generate symbol-modulated subcarriers 107 for 
each of spatial streams 105. In some of these embodiments 
in Which a multicarrier communication signal uses ?fty-tWo 
subcarriers, each symbol mapper 106 may generate ?fty-tWo 
corresponding symbol-modulated subcarriers in the fre 
quency domain. These may be referred to as frequency 
domain symbol-modulated subcarriers 107. In some 
embodiments, symbol mappers 106 may comprise quadra 
ture-amplitude-modulation (QAM) mappers, although the 
scope of the invention is not limited in this respect. 

[0014] In some embodiments, symbol mappers 106 may 
map bits in accordance With a modulation assignment that 
may range from Zero bits per symbol to up to ten or more bits 
per symbol. In some embodiments, the subcarrier modula 
tion level may comprise one or more of binary phase shift 
keying (BPSK), Which communicates one bit per symbol, 
quadrature phase shift keying (QPSK), Which communicates 
tWo bits per symbol, 8PSK, Which communicates three bits 
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per symbol, l6-quadrature amplitude modulation 
(l6-QAM), Which communicates four bits per symbol, 
32-QAM, Which communicates ?ve bits per symbol, 
64-QAM, Which communicates six bits per symbol, 128 
QAM, Which communicates seven bits per symbol, and 
256-QAM, Which communicates eight bits per symbol. 
Modulation levels With even higher data communication 
rates per subcarrier may also be used. 

[0015] Multicarrier transmitter 100 may also comprise 
beamformer 108 to apply decimated beamforming matrices 
121 to frequency-domain symbol-modulated subcarriers 107 
of each spatial stream 105 and generate beamformed sym 
bol-modulated subcarriers 109 for subsequent transmission 
by a corresponding one of transmit antennas 114. In some 
embodiments, beamformer 108 may apply decimated beam 
forming matrices 121 as Weights to Weight symbol-modu 
lated subcarriers 107. These embodiments are described in 
more detail beloW. 

[0016] In some embodiments, beamformed symbol-modu 
lated subcarriers 109 may be associated With a particular 
antenna and antenna stream. In some embodiments, the 
number of antenna streams may be greater than or equal to 
the number of spatial streams 105, although the scope of the 
invention is not limited in this respect. In some embodi 
ments, the number of antenna streams may correspond to the 
number of transmit antennas 114. Although multicarrier 
transmitter 100 is illustrated With three antenna streams 
(e. g., each associated With one of transmit antennas 114) and 
tWo spatial streams 105, the scope of the invention is not 
limited in these respects. 

[0017] Multicarrier transmitter 100 may also comprise 
inverse Fourier transform (IFT) circuitry 110 for each 
antenna stream to perform an inverse Fourier transformation 
on beamformed symbol-modulated subcarriers 109 to gen 
erate time-domain samples 111. In some embodiments, IFT 
circuitry 110 may add a guard interval (GI) including a 
cyclic pre?x (CP), although the scope of the invention is not 
limited in this respect. 

[0018] Multicarrier transmitter 100 may also comprise 
digital-to-analog conversion (DAC) and radio-frequency 
(RF) circuitry 112 associated With each antenna stream to 
respectively digitiZe and convert time-domain samples 111 
to RF multicarrier time-domain signals for subsequent trans 
mission by a corresponding one of transmit antennas 114. 

[0019] In some embodiments, decimated beamforming 
matrices may be received from a multicarrier receiver in 
compressed form. In these embodiments, multicarrier trans 
mitter 100 may also comprise decompression unit 122 to 
decompress compressed decimated beamforming matrices 
(V) 123 to provide decimated beamforming matrices 121 to 
beamformer 108. Decompression unit 122 may operate 
When a multicarrier receiver transmits compressed deci 
mated beamforming matrices 123 as feedback to multicar 
rier transmitter 100. 

[0020] In some embodiments in Which the multicarrier 
communication signals comprise a plurality of substantially 
orthogonal subcarriers, each of decimated beamforming 
matrices 121 may be applied by beamformer 108 to tWo or 
more subcarriers depending on the decimation factor. In 
some embodiments, beamformer 108 may interpolate deci 
mated beamforrning matrices 121 to generate a separate 
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beamforming matrix to apply to each subcarrier. These 
embodiments are discussed in more detail beloW. 

[0021] In some MIMO embodiments, beamformer 108 
may comprise a plurality of individual subcarrier beamform 
ers Which may be associated With each subcarrier. Each 
subcarrier beamformer may apply the elements of one of 
decimated beamformer matrices 121 to frequency-domain 
symbol-modulated subcarriers 107 to generate beamformed 
symbol-modulated subcarriers 109 for each transmit antenna 
114. In these embodiments, beamformed symbol-modulated 
subcarriers 109 may be associated With a number of transmit 
antennas 114 Which may be greater than or equal to a 
number of spatial streams 105, although the scope of the 
invention is not limited in this respect. 

[0022] FIG. 2 is a block diagram of a multicarrier receiver 
in accordance With some embodiments of the present inven 
tion. Multicarrier receiver 200 may communicate multicar 
rier signals With a multicarrier transmitter, such as multi 
carrier transmitter 100 (FIG. 1). Receiver 200 receives 
radio-frequency (RF) signals through one or more of anten 
nas 201, processes the received signals, and generates 
decoded bit stream 229. Receiver 200 is illustrated in FIG. 
2 as a multicarrier receiver Which may receive and process 
multicarrier signals, such as orthogonal frequency division 
multiplexed (OFDM) signals and orthogonal frequency divi 
sion multiple access (OFDMA) signals, hoWever the scope 
of the invention is not limited in this respect. 

[0023] Receiver 200 may include radio-frequency (RF) 
circuitry 202 to doWn-convert the received signals and 
analog-to-digital conversion (ADC) circuitry 204 to digitiZe 
the received signals and generate digital time-domain sig 
nals 205. Receiver 200 may also include frequency correc 
tion circuitry 206 to correct any frequency offset present in 
the received signals. In some embodiments, receiver 200 
may also include cyclic pre?x removal circuitry 208 to 
remove a cyclic pre?x from frequency-corrected time-do 
main signals 207. Receiver 200 may also include Fourier 
transforrn (FT) circuitry 210 to perform a Fourier transform 
on digital time-domain signals 209 to generate frequency 
domain signals 215. In some embodiments, Fourier-trans 
form circuitry 210 may provide a frequency-domain signal 
for each subcarrier of a received multicarrier communication 
signal. In some embodiments, Fourier-transform circuitry 
210 may perform a discrete Fourier transform (DFT), such 
as a fast Fourier transform (FFT), although the scope of the 
invention is not limited in this respect. 

[0024] Receiver 200 may also include channel transfer 
function generator 216 to generate channel estimates 231 for 
each data subcarrier based on received frequency-domain 
signals 215. In some embodiments, channel estimates 231 
may comprise Weights for each data subcarrier. Receiver 200 
may also include channel equaliZer 212 to Weight the 
subcarriers of received frequency-domain signals 215 based 
on channel estimates 231 to generate channel-equalized 
frequency-domain signals 213. In accordance With some 
embodiments, the application of the Weights by channel 
equaliZer 212 may help compensate for the effects of the 
communication channel through Which the received signals 
may have propagated. In some embodiments, channel equal 
iZer 212 may substantially cancel the effects of the commu 
nication channel. In some embodiments, channel-equalized 
frequency-domain signals 213 may comprise a symbol, such 
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as a quadrature-amplitude modulated (QAM) symbol, for 
each data subcarrier, although the scope of the invention is 
not limited in this respect. 

[0025] Receiver 200 may also include demodulator 214 to 
demodulate channel-equalized frequency-domain signals 
213 and generate bit-metrics 227 for each data subcarrier. In 
some embodiments, symbol demodulator 214 may be a 
quadrature-amplitude modulation demodulator and the sym 
bols may comprise QAM symbols. Receiver 200 may also 
include decoder 228 to perform an error-correction decoding 
operation on bit metrics 227 to generate decoded bit stream 
229. In these embodiments, bit metrics 227 may represent 
probabilities (e.g., soft bits rather than actual hard bits), 
Which may be decoded using soft-decision decoding. 

[0026] In some embodiments, decoder 228 may be a 
forWard-error-correcting (FEC) decoder. In some embodi 
ments, decoder 228 may be a loW-density parity check 
(LPDC) decoder that performs layered decoding, although 
the scope of the invention is not limited in this respect. In 
some embodiments, decoder 228 may perform LDPC lay 
ered decoding operations based on a parity-check matrix for 
a predetermined LDPC code, although the scope of the 
invention is not limited in this respect. 

[0027] In some embodiments, receiver 200 may also per 
form a deinterleaving operation prior to the operation of 
decoder 228. In some of these embodiments, the deinter 
leaving operation may be a block deinterleaving operation 
on blocks of hard bits or on blocks of bit metrics 227, 
although the scope of the invention is not limited in this 
respect. 
[0028] In accordance With embodiments of the present 
invention, channel transfer function generator 216 may 
generate channel transfer function matrices (H) 217 from 
received frequency-domain signals 215. In some embodi 
ments, channel transfer function generator 216 may generate 
one channel transfer function matrix for each subcarrier of 
received frequency-domain signals 215. In some embodi 
ments, channel transfer function matrices 217 may be gen 
erated from channel estimates Which may be estimated from 
preamble symbols and/or pilot subcarriers of received mul 
ticarrier communication signals. 

[0029] Multicarrier receiver 200 may also comprise deci 
mator 218 to decimate channel transfer function matrices 
217 to generate decimated channel transfer function matri 
ces (H) 219 based on receive data rate 225. Receive data rate 
225 may be provided by multicarrier transmitter 100 (FIG. 
1). Decimator 218 may generate one of decimated channel 
transfer function matrices 219 for groups of tWo or more 
subcarriers. In some embodiments, decimator 218 may 
combine and/or average groups of channel transfer function 
matrices 217 to generate each decimated channel transfer 
function matrix 219. 

[0030] Multicarrier receiver 200 may also comprise 
decomposition unit 220 Which may perform a decomposi 
tion on decimated channel transfer function matrices 219 to 
generate decimated beamforming matrices (V) 221. Deci 
mated beamforming matrices 221 may be provided to mul 
ticarrier transmitter 100 (FIG. 1) as feedback for use in 
beamforming and may correspond to decimated beamform 
ing matrices 121 (FIG. 1). 
[0031] Although decimator 218 is illustrated as coming 
before decomposition unit 220 in the processing path, the 
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scope of the invention is not limited in this respect. In other 
embodiments, decomposition unit 220 may come before 
decimator 218. In these embodiments, decomposition unit 
220 may decompose channel transfer function matrices 217 
into beamforming matrices, and decimator 218 may deci 
mate the beamforming matrices to generate decimated 
beamforming matrices 221. 

[0032] In some embodiments, decomposition unit 220 
may perform a singular value decomposition (SVD) on 
decimated channel function matrices 219 to generate deci 
mated beamforrning matrices 221. In some embodiments, 
the SVD operations performed by decomposition unit 220 
may decompose a Wireless channel into three components 
based on the folloWing equation: 

[0033] In this equation, H represents one of decimated 
channel transfer function matrices 219, U and V are unitary 
matrices, VT is the transpose of matrix V, and S is a 
rectangular matrix having real nonZero-valued diagonal ele 
ments and Zero-valued non-diagonal elements. In this equa 
tion, matrix V corresponds to one of decimated beamform 
ing matrices 221. The SVD operation may effectively 
decompose the Wireless channel into three independent 
channels in Which the S matrix may be vieWed as a ranking 
for the three independent channels. 

[0034] In some embodiments, multicarrier receiver 200 
may also comprise compression circuitry 222 to compress 
decimated beamforming matrices 221 to generate com 
pressed decimated beamforrning matrices (V) 223 prior to 
transmission to multicarrier transmitter 100 (FIG. 1). One of 
many compression techniques may be used by compression 
circuitry 222. In these embodiments, compressed decimated 
beamforming matrices 223 may correspond to compressed 
decimated beamforming matrices 123 (FIG. 1). 

[0035] In some embodiments, multicarrier receiver 200 
generates decimated beamforming matrices 221 for groups 
of tWo or more subcarriers. The number of subcarriers in a 
group may be based on a receive data rate 225. Multicarrier 
receiver 200 may also receive signals from multicarrier 
transmitter 100 (FIG. 1) transmitted With multiple antennas 
at receive data rate 225. Decimated beamforming matrices 
221 (FIG. 1) may be individually applied to the subcarriers 
of the signals prior to transmission. 

[0036] In some embodiments, the number of subcarriers in 
a group is greater for higher receive data rates and lesser for 
loWer receive data rates. In other Words, less beamforming 
feedback may be provided to the transmitter for loWer 
receive data rates, and more beamforming feedback may be 
provided to the transmitter for higher receive data rates. This 
is because throughput at loWer data rates may be less 
sensitive to beamforming. In this Way, bandWidth consump 
tion for feedback may be reduced When it is less needed. 

[0037] In some embodiments, decimated beamforming 
matrices 221 may be generated based on a decimation factor. 
For higher receive data rates, the decimation factor may be 
decreased to increase the number of subcarriers in a group. 
For loWer receive data rates, the decimation factor may be 
increased to decrease the number of subcarriers in a group. 
In some embodiments, the decimation factor may refer to the 
number of subcarriers in a group that are used to generate 
each of decimated beamforming matrices 221. In some 
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embodiments, for a maximum receive data rate, the deci 
mation factor may have the value of tWo meaning that each 
decimated beamforming matrix is generated from tWo sub 
carriers and is used to beamform tWo subcarriers. In example 
embodiments that use ?fty-tWo subcarriers, tWenty-six deci 
mated beamforming matrices may be provided as feedback. 
When the decimation factor is four, each decimated beam 
forming matrix may be generated from four subcarriers and 
may be used to beamform four subcarriers at the transmitter. 
In these example embodiments that use ?fty-tWo subcarri 
ers, thirteen decimated beamforming matrices may be pro 
vided as feedback When the decimation factor is four. 
Decimator factors may range from one to up to eight or 
more. 

[0038] In some embodiments, a decimation factor of tWo 
may result in less than a 0.5 dB reduction in signal-to-noise 
ratio (SNR) at maximum data rates (e.g., above 100 Mega 
bits-per-second (Mbps)). Accordingly, a decimation factor 
of tWo may generally be used for some maximum receive 
data rates Without signi?cant performance degradation, 
although the scope of the invention is not limited in this 
respect. A decimation factor of eight may result in less than 
a 0.5 dB reduction in SNR for loWer data rates (e.g., beloW 
20 Mbps). In some embodiments, decimator 218 may 
increase or decrease the decimation factor based on receive 
data rate 225. 

[0039] In some embodiments, multicarrier receiver 200 
may determine receive data rate 225 from a packet header 
received from multicarrier transmitter 100 (FIG. 1) prior to 
generating decimated beamforming matrices 221. 

[0040] In some embodiments, for higher receive data rates 
225, each of decimated beamforming matrices 221 may be 
used by multicarrier transmitter 100 (FIG. 1) for beamform 
ing a lesser number of subcarriers. For loWer receive data 
rates 225, each of the decimated beamforming matrices 221 
may be used by multicarrier transmitter 100 (FIG. 1) for 
beamforming a greater number of subcarriers. 

[0041] In some embodiments, each of channel transfer 
function matrices 217 may have a number of columns 
corresponding With the number of spatial streams (N55) and 
may have a number of roWs associated With the number of 
transmit antennas (Ntx). The use of the terms roWs and 
columns may be interchanged Without limiting the scope of 
the invention. In the case of multicarrier transmitter 100 
(FIG. 1), there are tWo spatial steams (i.e., NSS=2) illustrated 
as being generated by spatial frequency interleaver 104 
(FIG. 1) and there are three transmit antennas 114 (FIG. 1) 
(i.e., Ntx=3). In these embodiments, each of channel transfer 
function matrices 217 may be a 3x2 matrix. In the example 
of a multicarrier communication channel that uses ?fty-tWo 
total subcarrier frequencies (i.e., the number of subcarriers), 
there may be ?fty-tWo separate channel transfer function 
matrices 217 (i.e., one for each active subcarrier), although 
the scope of the invention is not limited in this respect. 

[0042] In some beamforming embodiments, multicarrier 
transmitter 100 (FIG. 1) may implement ideal beamforming. 
In these embodiments, receiver 200 may provide non 
decimated beamforming matrices to multicarrier transmitter 
100 (FIG. 1) based on receive data rate 225. In these 
embodiments, decimator 218 may refrain from decimating 
channel transfer function matrices 217, alloWing decompo 
sition unit 220 to generate a beamforming matrix for each 
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subcarrier for transmission to multicarrier transmitter 100 
(FIG. 1). In these embodiments, the decimator factor may 
equal one. 

[0043] Referring to FIGS. 1 and 2 together, in some 
embodiments, multicarrier receiver 200 may receive multi 
carrier communication signals 130 from multicarrier trans 
mitter 100 through a communication channel having char 
acteristics of channel transfer function matrices 217. These 
channel transfer function matrices 217 may be used by a 
channel equaliZer to equaliZe the received signals to gener 
ate a received bit stream. In some embodiments, multicarrier 
receiver 200 may apply non-linear MIMO equaliZation 
techniques to separate the spatial streams. In some embodi 
ments, multicarrier transmitter 100 may receive decimated 
beamforming matrices 121 from multicarrier receiver 200 as 
part of a closed-loop MIMO feedback process. In some 
embodiments, When decomposition unit 220 performs an 
SVD on decimated channel transfer function matrix 219, 
each of decimated beamforming matrices 221 may be uni 
tary matrix having a number of roWs equaling the number of 
the transmit antennas (Ntx), and a number of columns 
equaling the number of the spatial streams (N55). 

[0044] Although multicarrier transmitter 100 and multi 
carrier receiver 200 are illustrated as having several separate 
functional elements, one or more of the functional elements 
may be combined and may be implemented by combinations 
of softWare-con?gured elements, such as processing ele 
ments including digital signal processors (DSPs), and/or 
other hardWare elements. For example, some elements may 
comprise one or more microprocessors, DSPs, application 
speci?c integrated circuits (ASICs), and combinations of 
various hardWare and logic circuitry for performing at least 
the functions described herein. In some embodiments, the 
functional elements of multicarrier transmitter 100 and 
multicarrier receiver 200 may refer to one or more processes 
operating on one or more processing elements. Some 
embodiments of the present invention pertain to Wireless 
communication devices that may include the elements of 
both multicarrier transmitter 100 and multicarrier receiver 
200. 

[0045] In some embodiments, multicarrier transmitter 100 
and multicarrier receiver 200 may communicate orthogonal 
frequency division multiplexed (OFDM) communication 
signals over a multicarrier communication channel. The 
multicarrier communication channel may be Within a pre 
determined frequency spectrum and may comprise a plural 
ity of orthogonal subcarriers. In some embodiments, the 
multicarrier signals may be de?ned by closely spaced 
OFDM subcarriers. Each subcarrier may have a null at 
substantially a center frequency of the other subcarriers 
and/or each subcarrier may have an integer number of cycles 
Within a symbol period, although the scope of the invention 
is not limited in this respect. In some embodiments, multi 
carrier transmitter 100 and multicarrier receiver 200 may 
communicate in accordance With a multiple access tech 
nique, such as orthogonal frequency division multiple access 
(OFDMA), although the scope of the invention is not limited 
in this respect. In some embodiments, multicarrier transmit 
ter 100 and multicarrier receiver 200 may communicate 
using spread-spectrum signals, although the scope of the 
invention is not limited in this respect. 

[0046] In some embodiments, multicarrier transmitter 100 
and/or multicarrier receiver 200 may be part of a commu 
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nication station, such as a Wireless local area network 
(WLAN) communication station including a Wireless Fidel 
ity (WiFi) communication station, an access point (AP) or 
mobile station (MS). In some other embodiments, multicar 
rier transmitter 100 and/ or multicarrier receiver 200 may be 
part of a broadband Wireless access (BWA) netWork com 
munication station, such as a WorldWide Interoperability for 
MicroWave Access (WiMax) communication station, 
although the scope of the invention is not limited in this 
respect as multicarrier transmitter 100 and multicarrier 
receiver 200 may be part of almost any Wireless communi 
cation device. 

[0047] In some embodiments, multicarrier transmitter 100 
and/or multicarrier receiver 200 may be part of a portable 
Wireless communication device, such as a personal digital 
assistant (PDA), a laptop or portable computer With Wireless 
communication capability, a Web tablet, a Wireless tele 
phone, a Wireless headset, a pager, an instant messaging 
device, a digital camera, an access point, a television, a 
medical device (e.g., a heart rate monitor, a blood pressure 
monitor, etc.), or other device that may receive and/or 
transmit information Wirelessly. 

[0048] In some embodiments, the frequency spectrums for 
the communication signals used by multicarrier transmitter 
100 and multicarrier receiver 200 may comprise either a 5 
gigahertZ (GHZ) frequency spectrum or a 2.4 GHZ frequency 
spectrum. In these embodiments, the 5 GHZ frequency 
spectrum may include frequencies ranging from approxi 
mately 4.9 to 5.9 GHZ, and the 2.4 GHZ spectrum may 
include frequencies ranging from approximately 2.3 to 2.5 
GHZ, although the scope of the invention is not limited in 
this respect, as other frequency spectrums are also equally 
suitable. In some BWA netWork embodiments, the frequency 
spectrum for the communication signals may comprise 
frequencies betWeen 2 and 11 GHZ, although the scope of 
the invention is not limited in this respect. 

[0049] In some embodiments, multicarrier transmitter 100 
and multicarrier receiver 200 may communicate in accor 
dance With speci?c communication standards, such as the 
Institute of Electrical and Electronics Engineers (IEEE) 
standards including IEEE 802.11(a), 802.11(b), 802.11(g), 
802. 1 1 (h) and/ or 802.11(n) standards and/or proposed speci 
?cations for Wireless local area netWorks, although the scope 
of the invention is not limited in this respect as they may also 
be suitable to transmit and/or receive communications in 
accordance With other techniques and standards. Some 
embodiments of the present invention may apply to the 
proposed Enhanced Wireless Consortium (EWC) speci?ca 
tion of the IEEE 802.11 standards. In some broadband 
Wireless access netWork embodiments, multicarrier trans 
mitter 100 and multicarrier receiver 200 may communicate 
in accordance With the IEEE 802.16-2004 and the IEEE 
802.16(e) standards for Wireless metropolitan area netWorks 
(WMANs) including variations and evolutions thereof, 
although the scope of the invention is not limited in this 
respect as they may also be suitable to transmit and/or 
receive communications in accordance With other tech 
niques and standards. For more information With respect to 
the IEEE 802.11 and IEEE 802.16 standards, please refer to 
“IEEE Standards for Information TechnologyiTelecom 
munications and Information Exchange betWeen Sys 
tems”iLocal Area NetWorksiSpeci?c Requirementsi 
Part 11 “Wireless LAN Medium Access Control (MAC) and 
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Physical Layer (PHY), ISO/IEC 8802-11: 1999”, and Met 
ropolitan Area NetWorksiSpeci?c RequirementsiPart 16: 
“Air Interface for Fixed Broadband Wireless Access Sys 
tems,” May 2005 and related amendments/versions. Some 
embodiments may relate to the IEEE 802.11e proposed 
enhancement to the IEEE 802.11 WLAN speci?cation that 
Will include QoS (quality of service) features, including the 
prioritiZation of data, voice, and video transmissions. 

[0050] Transmit antennas 114 used by multicarrier trans 
mitter 100 and antennas 201 used by multicarrier receiver 
200 may comprise tWo or more directional or omnidirec 

tional antennas, including, for example, dipole antennas, 
monopole antennas, patch antennas, loop antennas, micros 
trip antennas or other types of antennas suitable for trans 
mission of RF signals. In some MIMO embodiments that use 
tWo or more transmit antennas and tWo or more receive 

antennas, instead of tWo or more antennas, a single antenna 
With multiple apertures may be used. In these embodiments, 
each aperture may be considered a separate antenna. In some 
embodiments, each antenna may be effectively separated to 
take advantage of spatial diversity and the different channel 
characteristics that may result betWeen each of transmit 
antennas 114 and each of the antennas of multicarrier 
receiver 200. 

[0051] FIG. 3 is a functional diagram of a subcarrier 
beamformer in accordance With some embodiments of the 
present invention. Subcarrier beamformer 300 may corre 
spond With one of the subcarrier beamformers that may be 
part of beamformer 108 (FIG. 1). Subcarrier beamformer 
300 may be associated With one of the subcarriers of the 
multicarrier communication signals. In an example of a 
multicarrier communication signal having ?fty-tWo total 
subcarriers, beamformer 108 (FIG. 1) of multicarrier trans 
mitter 100 (FIG. 1) may functionally comprise ?fty-tWo of 
subcarrier beamforrners 300. In some MIMO embodiments, 
subcarrier beamformer 300 Weights frequency-domain sym 
bol-modulated subcarriers 307A and 307B of each spatial 
stream 325 (for an associated subcarrier frequency) to 
generate tWo or more antenna streams 329 of symbol 
modulated subcarriers 309A, 309B and 309C. Three antenna 
streams 329 are illustrated, although the scope of the inven 
tion is not limited in this respect. 

[0052] In some embodiments, subcarrier beamformer 300 
may comprise one of Weighting elements 302A, 302B and 
302C associated With each transmit antenna 114 (FIG. 1). 
Weighting elements 302A-302C may Weight and combine 
symbol-modulated subcarriers 307A and 307B associated 
With a corresponding subcarrier by applying elements of one 
roW of decimated beamformer matrix 121 associated With a 
particular antenna and a corresponding subcarrier to gener 
ate symbol-modulated subcarriers 309A, 309B and 309C. 
For example, Weighting element 302A may apply a corre 
sponding ?rst roW of elements of decimated beamformer 
matrix 121 associated With the ?rst antenna of a ?rst antenna 
stream to combined symbol-modulated subcarriers 307A 
and 307B associated With a particular subcarrier frequency. 

[0053] Depending on the decimation factor, each deci 
mated beamformer matrix 121 may be applied to more than 
one subcarrier. For example, When the decimation factor is 
tWo, each of decimated beamformer matrices 121 may be 
applied to tWo subcarriers. In some embodiments, When 
beamformer 108 (FIG. 1) performs an interpolation on 
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decimated beamformer matrices 121 to generate an interpo 
lated beamforming matrix for each subcarrier, one interpo 
lated beamforming matrix may be applied by each subcarrier 
beamformer 300. 

[0054] In FIG. 3, symbol-modulated subcarriers 307A and 
307B may correspond to symbol-modulated subcarriers 107 
(FIG. 1) for tWo spatial streams. In FIG. 3, symbol-modu 
lated subcarriers 309A, 309B and 309C may correspond to 
beamformed symbol-modulated subcarriers 109 (FIG. 1) for 
three antenna streams. 

[0055] In some embodiments, each of transmit antennas 
114 (FIG. 1) may transmit an OFDM symbol using the same 
subcarrier frequencies as the other transmit antennas. The 
OFDM symbols may be generated from symbol-modulated 
subcarriers 309A, 309B or 309C associated With a particular 
antenna. The OFDM symbols transmitted together by trans 
mit antennas 114 (FIG. 1) may represent one or more of 
spatial streams 325. In some embodiments, at least tWo of 
transmit antennas 114 (FIG. 1) may be used to transmit at 
least one of spatial streams 325, although the scope of the 
invention is not limited in this respect. 

[0056] FIG. 4 illustrates throughput performance curves 
for various decimation factors in accordance With some 
embodiments of the present invention. Throughput 403 
(illustrated in Mbps) is shoWn on the y-axis of graph 400, 
and receiver SNR 405 is illustrated on the x-axis of graph 
400. SNR curve 401 illustrates SNR performance for a 
decimation factor of one Which Was referred to previously as 
ideal beamforming. SNR curve 402 illustrates SNR perfor 
mance for a decimation factor of tWo, SNR curve 404 
illustrates SNR performance for a decimation factor of four, 
SNR curve 408 illustrates SNR performance for a decima 
tion factor of eight, SNR curve 416 illustrates SNR perfor 
mance for a decimation factor of sixteen, and SNR curve 
448 illustrates SNR performance for a decimation factor of 
forty-eight. SNR curve 450 illustrates SNR performance 
When no beamforming is applied. In some embodiments, 
throughput 403 may be referred to good throughput. 
[0057] Throughput 403 may correspond to receive data 
rate 225 (FIG. 2) that may be provided by multicarrier 
transmitter 100 (FIG. 1). As illustrated in FIG. 4, for loWer 
data rates, there is less signi?cance for sending a complete 
set of beamforming matrices as feedback (i.e., one matrix 
per subcarrier). For example, a decimation factor of eight 
may be suitable for loWer data rates alloWing feedback to be 
reduced. For loWer data rates, feedback packets may, for 
example, be shortened by a factor of four relative to feed 
back packet lengths of higher data rates. Shorter feedback 
packets consume less bandWidth in the feedback path and 
may provide more time for the transmission of data by 
multicarrier transmitter 100 (FIG. 1) resulting in a higher 
throughput. Furthermore, multicarrier receiver 200 (FIG. 2) 
may consume less energy by transmitting less feedback 
helping to increase battery life for portable applications. 
[0058] FIG. 5 is a How chart of a procedure for receiving 
beamformed signals in accordance With some embodiments 
of the present invention. Procedure 500 may be performed 
by a multicarrier receiver, such as multicarrier receiver 200 
(FIG. 2), for receiving beamformed transmissions from a 
multicarrier transmitter, such as multicarrier transmitter 100 
(FIG. 1). 
[0059] Operation 502 comprises generating a channel 
transfer function matrix (H) for each subcarrier from 
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received signals. Operation 502 may be performed by chan 
nel transfer function generator 216 (FIG. 2), although the 
scope of the invention is not limited in this respect. 

[0060] Operation 504 comprises determining the decima 
tion factor based on a receive data rate provided by the 
transmitter. In some embodiments, the receive data rate may 
be provided in a packet header, although the scope of the 
invention is not limited in this respect. 

[0061] Operation 506 comprises decimating the channel 
transfer function matrices generated in operation 502 based 
on the decimation factor generated in operation 504. Opera 
tion 506 generates decimated channel transfer functions for 
groups of tWo or more subcarriers. Operation 506 may be 
performed by decimator 218 (FIG. 2), although the scope of 
the invention is not limited in this respect. 

[0062] Operation 508 comprises decomposing the deci 
mated channel transfer function matrices to generate deci 
mated beamforming matrices (V) for groups of tWo or more 
subcarriers. Operation 508 may be performed by decompo 
sition unit 220 (FIG. 2), although the scope of the invention 
is not limited in this respect. 

[0063] Operation 510 comprises transmitting the deci 
mated beamforming matrices to the multicarrier transmitter. 
In some embodiments, prior to transmission, operation 510 
may include compressing the decimated beamforming 
matrices, although the scope of the invention is not limited 
in this respect. 

[0064] Operation 512 comprises receiving beamformed 
signals from the multicarrier transmitter. The receiving 
beamformed signals may have been transmitted at the 
receive data rate used in operation 504 to determine the 
decimation factor. 

[0065] In some embodiments, operations 502-512 may be 
repeated on a symbol-by-symbol basis so that updated 
beamforming coef?cients may be used for each transmitted 
OFDM symbol, although the scope of the invention is not 
limited in this respect. 

[0066] Although the individual operations of procedure 
500 are illustrated and described as separate operations, one 
or more of the individual operations may be performed 
concurrently, and nothing requires that the operations be 
performed in the order illustrated. For example, operations 
502 and 504 may be performed concurrently or in reverse 
order. 

[0067] Unless speci?cally stated otherWise, terms such as 
processing, computing, calculating, determining, displaying, 
or the like, may refer to an action and/or process of one or 
more processing or computing systems or similar devices 
that may manipulate and transform data represented as 
physical (e.g., electronic) quantities Within a processing 
system’s registers and memory into other data similarly 
represented as physical quantities Within the processing 
system’s registers or memories, or other such information 
storage, transmission or display devices. Furthermore, as 
used herein, a computing device includes one or more 
processing elements coupled With computer-readable 
memory that may be volatile or non-volatile memory or a 
combination thereof. 

[0068] Some embodiments of the invention may be imple 
mented in one or a combination of hardWare, ?rmWare and 



US 2007/0230595 A1 

software. Embodiments of the invention may also be imple 
mented as instructions stored on a machine-readable 

medium, Which may be read and executed by at least one 
processor to perform the operations described herein. A 
machine-readable medium may include any mechanism for 
storing or transmitting information in a form readable by a 
machine (e.g., a computer). For example, a machine-read 
able medium may include read-only memory (ROM), ran 
dom-access memory (RAM), magnetic disk storage media, 
optical storage media, ?ash-memory devices, electrical, 
optical, acoustical or other form of propagated signals (e.g., 
carrier Waves, infrared signals, digital signals, etc.), and 
others. 

[0069] The Abstract is provided to comply With 37 CPR. 
Section l.72(b) requiring an abstract that Will alloW the 
reader to ascertain the nature and gist of the technical 
disclosure. It is submitted With the understanding that it Will 
not be used to limit or interpret the scope or meaning of the 
claims. 

[0070] In the foregoing detailed description, various fea 
tures are occasionally grouped together in a single embodi 
ment for the purpose of streamlining the disclosure. This 
method of disclosure is not to be interpreted as re?ecting an 
intention that the claimed embodiments of the subject matter 
require more features than are expressly recited in each 
claim. Rather, as the folloWing claims re?ect, invention may 
lie in less than all features of a single disclosed embodiment. 
Thus, the folloWing claims are hereby incorporated into the 
detailed description, With each claim standing on its oWn as 
a separate preferred embodiment. 

What is claimed is: 
1. A method of receiving multicarrier beamformed signals 

comprising: 

generating decimated beamforming matrices for groups 
of tWo or more subcarriers, Wherein a number of 
subcarriers in a group is based on a receive data rate; 
and 

receiving signals from a multicarrier transmitter at the 
receive data rate, the decimated beamforming matrices 
being applied to the subcarriers of the signals prior to 
transmission. 

2. The method of claim 1 Wherein the number of subcar 
riers in a group associated With higher receive data rates is 
greater than the number of subcarriers in a group associated 
With loWer receive data rates. 

3. The method of claim 2 Wherein generating comprises 
generating the decimated beamforming matrices based on a 
decimation factor, 

Wherein for the higher receive data rates, the decimation 
factor is decreased to increase the number of subcar 
riers in a group, 

Wherein for the loWer receive data rates, the decimation 
factor is increased to decrease the number of subcar 
riers in a group, and 

Wherein the decimation factor is the number of subcarriers 
that are used to generate each of the decimated beam 
forming matrices. 
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4. The method of claim 2 Wherein for higher receive data 
rates, each of the decimated beamforming matrices is usable 
by the multicarrier transmitter for beamforming a lesser 
number of subcarriers, and 

Wherein for loWer receive data rates, each of the deci 
mated beamforrning matrices is usable by the multi 
carrier transmitter for beamforming a greater number of 
subcarriers. 

5. The method of claim 1 further comprising: 

determining the receive data rate from a packet header 
received from the multicarrier transmitter prior to gen 
erating the decimated beamforming matrices; and 

transmitting the decimated beamforming matrices to the 
multicarrier transmitter. 

6. The method of claim 5 further comprising compressing 
the decimated beamforming matrices prior to transmitting 
the decimated beamforming matrices to the multicarrier 
transmitter, 

Wherein the multicarrier transmitter decompresses the 
compressed decimated beamforming matrices prior to 
application to the subcarriers. 

7. The method of claim 1 further comprising: 

generating a channel transfer function for each subcarrier 
from received signals; 

decimating the channel transfer functions based on the 
receive data rate; and 

performing a decomposition of the decimated channel 
transfer functions to generate the decimated beamform 
ing matrices for the groups of subcarriers. 

8. The method of claim 7 Wherein generating the channel 
transfer function comprises generating a channel transfer 
function matrix for each of a plurality of channels betWeen 
tWo or more receive antennas and tWo or more transmit 

antennas based on signals transmitted by the tWo or more 
transmit antennas and received through the tWo or more 
receive antennas, and 

Wherein generating the decimated beamforming matrices 
comprises generating decimated beamforming matrices 
for each of the channels for groups of tWo or more 
subcarriers based on the receive data rate. 

9. A multicarrier receiver comprising: 

channel transfer function generation circuitry to generate 
a channel transfer function for each of a plurality of 
subcarriers from received signals; and 

a decimator to generate decimated beamforming matrices 
for groups of tWo or more subcarriers, Wherein a 
number of subcarriers in a group is based on a receive 
data rate, 

Wherein the received signals are received at the receive 
data rate and are generated by a multicarrier transmitter 
by applying the decimated beamforming matrices to the 
subcarriers of signals prior to transmission. 

10. The multicarrier receiver of claim 9 Wherein the 
number of subcarriers in a group associated With higher 
receive data rates is greater than the number of subcarriers 
in a group associated With loWer receive data rates. 

11. The multicarrier receiver of claim 10 Wherein the 
decimator generates the decimated beamforming matrices 
based on a decimation factor, 
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wherein for the higher receive data rates, the decimation 
factor is decreased to increase the number of subcar 
riers in a group, 

Wherein for the loWer receive data rates, the decimation 
factor is increased to decrease the number of subcar 
riers in a group, and 

Wherein the decimation factor is the number of subcarriers 
that are used to generate each of the decimated beam 
forming matrices. 

12. The multicarrier receiver of claim 10 Wherein for 
higher receive data rates, each of the decimated beamform 
ing matrices is usable by the multicarrier transmitter for 
beamforming a lesser number of subcarriers, and 

Wherein for loWer receive data rates, each of the deci 
mated beamforming matrices is usable by the multi 
carrier transmitter for beamforming a greater number of 
subcarriers. 

13. The multicarrier receiver of claim 9 further compris 
1ng: 

circuitry to determine the receive data rate from a packet 
header received from the multicarrier transmitter prior 
to the generation of the decimated beamforming matri 
ces; and 

circuitry to transmit the decimated beamforming matrices 
to the multicarrier transmitter. 

14. The multicarrier receiver of claim 13 further compris 
ing compression circuitry to compress the decimated beam 
forming matrices prior to transmitting the decimated beam 
forming matrices to the multicarrier transmitter, 

Wherein the multicarrier transmitter decompresses the 
compressed decimated beamforming matrices prior to 
application to the subcarriers. 

15. The multicarrier receiver of claim 9 Wherein the 
channel transfer function generation circuitry generates a 
channel transfer function for each subcarrier from received 
signals, 

Wherein the decimator decimates the channel transfer 
functions based on the receive data rate, and 

Wherein the multicarrier receiver further comprises a 
decomposition unit to perform a decomposition of the 
decimated channel transfer functions to generate the 
decimated beamforming matrices for the groups of 
subcarriers. 

16. The multicarrier receiver of claim 15 Wherein the 
channel transfer function generation circuitry generates a 
channel transfer function matrix for each of a plurality of 
channels betWeen tWo or more receive antennas and tWo or 

more transmit antennas based on signals transmitted by the 
tWo or more transmit antennas and received through the tWo 
or more receive antennas, and 

Wherein the decimator generates the decimated beam 
forming matrices for each of the channels for groups of 
tWo or more subcarriers based on the receive data rate. 

17. A multicarrier transmitter comprising: 

a beamformer to apply decimated beamforming matrices 
to subcarriers of signals prior to transmission; and 

radio-frequency circuitry to transmit the signals at a 
receive data rate, the decimated beamforming matrices 
being received from a multicarrier receiver Which gen 
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erates a channel transfer function for each of a plurality 
of subcarriers from signals received from the multicar 
rier transmitter and generates the decimated beamform 
ing matrices for groups of tWo or more subcarriers, 
Wherein a number of subcarriers in a group is based on 
a receive data rate. 

18. The multicarrier transmitter of claim 17 Wherein the 
number of subcarriers in a group is greater for higher receive 
data rates and lesser for loWer receive data rates. 

19. The multicarrier transmitter of claim 18 Wherein the 
multicarrier receiver generates the decimated beamforming 
matrices based on a decimation factor, 

Wherein for the higher receive data rates, the decimation 
factor is decreased to increase the number of subcar 
riers in a group, 

Wherein for the loWer receive data rates, the decimation 
factor is increased to decrease the number of subcar 
riers in a group, and 

Wherein the decimation factor is the number of subcarriers 
that are used to generate each of the decimated beam 
forming matrices. 

20. A receiver system comprising: 

one or more substantially omnidirectional antennas to 

receive received signals; 

channel transfer function generation circuitry to generate 
a channel transfer function for each of a plurality of 
subcarriers from the received signals; and 

a decimator to generate decimated beamforming matrices 
for groups of tWo or more subcarriers, Wherein a 
number of subcarriers in a group is based on a receive 

data rate, 

Wherein the received signals are received at the receive 
data rate and are generated by a multicarrier transmitter 
by applying the decimated beamforming matrices to the 
subcarriers of signals prior to transmission. 

21. The receiver system of claim 20 Wherein the number 
of subcarriers in a group associated With higher receive data 
rates is greater than the number of subcarriers in a group 
associated With loWer receive data rates. 

22. The receiver system of claim 21 Wherein the decima 
tor generates the decimated beamforming matrices based on 
a decimation factor, 

Wherein for the higher receive data rates, the decimation 
factor is decreased to increase the number of subcar 
riers in a group, 

Wherein for the loWer receive data rates, the decimation 
factor is increased to decrease the number of subcar 
riers in a group, and 

Wherein the decimation factor is the number of subcarriers 
that are used to generate each of the decimated beam 
forming matrices. 

23. A machine-accessible medium that provides instruc 
tions, Which When accessed, cause a machine to perform 
operations for receiving multicarrier beamformed signals, 
the operations comprising: 

generating decimated beamforming matrices for groups 
of tWo or more subcarriers, Wherein a number of 
subcarriers in a group is based on a receive data rate; 
and 
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receiving signals from a multicarrier transmitter at the 
receive data rate, the decimated beamforming matrices 
being applied to the subcarriers of the signals prior to 
transmission. 

24. The machine-accessible medium of claim 23 Wherein 
the number of subcarriers in a group associated With higher 
receive data rates is greater than the number of subcarriers 
in a group associated With loWer receive data rates. 

25. The machine-accessible medium of claim 24 Wherein 
generating comprises generating the decimated beamform 
ing matrices based on a decimation factor, 
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Wherein for the higher receive data rates, the decimation 
factor is decreased to increase the number of subcar 
riers in a group, 

Wherein for the loWer receive data rates, the decimation 
factor is increased to decrease the number of subcar 
riers in a group, and 

Wherein the decimation factor is the number of subcarriers 
that are used to generate each of the decimated beam 
forming matrices. 

* * * * * 


